The dynamic grain refinement behavior upon severe plastic deformation has been systematically studied in commercial purity copper that was heavily cold rolled to large deformations at cryogenic temperatures. The low-temperature rolling allows the accumulation of extraordinarily high densities of dislocations in Cu, enabling an investigation of the various dynamic recrystallization phenomena upon further deformation. The eventual steady-state grain sizes achieved, as well as the dynamic recrystallization mechanisms, are studied using controlled deformation tests combined with transmission electron microscopy. The dominant mechanisms observed to contribute to grain refinement in Cu include the classical migration dynamic recrystallization process, the deformation twinning, as well as the continuous dynamic recrystallization via progressive lattice rotation upon deformation to extremely large strains. The strain rate and deformation temperature have strong effects on the operative mechanisms and the grain sizes achieved in the ultrafine and nanocrystalline regimes.
Introduction
The processing of flaw-free bulk samples is a challenging first step in investigating the mechanical behavior of nanostructured materials. Several severe plastic deformation (SPD) processes have been developed over the past decade to produce bulk nanostructured materials without introducing porosity and impurities. Typical SPD processes that decompose the microstructure of bulk samples into nanostructures include equal channel angular pressing (ECAP) and high pressure torsion, performed at room temperature (RT) or elevated temperatures. [1] [2] [3] [4] The eventual grain size reached for a pure metal such as Cu is usually a few hundred nanometers, slightly beyond the 100 nm conventionally defined as the demarcation line of the nanocrystalline (nc) regime. [1] [2] [3] [4] [5] In addition to the large plastic strains provided by the SPD processes, there are other factors that are known to promote grain refinement down to the nc range. For alloys, solute atoms and precipitates can act as grain growth inhibitors. For metals, complex strain paths are helpful, as complicated dislocation configurations are involved in deformation. Also, high strain rates and low deformation temperatures suppress dynamic recovery and hence facilitate grain refinement mechanisms, as demonstrated for example in the process of ball milling. 6) In this work, we use cold rolling, a common, inexpensive industrial process, to impart large plastic strains to Cu. Such a simple processing route is usually not ideal for producing nanostructures in metals. Cold rolling of Cu at RT has been studied extensively before, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] with thickness reduction typically in the range of 0-15,000% (Von Mises equivalent strain ¼ 0-5). At medium to high plastic strains (1 < < 5), it is generally understood that multiple dislocations interact, forming multifarious defects such as dislocation cells, cell blocks, microbands, twins and subgrains. 20) Nanocrystallites with high angle grain boundaries are usually not found. At extremely high strains ( > 5), data are scarce because the rolled sheets start to break up and intermediate annealing is necessary before further crosssectional reduction is possible. In this paper, we describe a procedure that enables commercial Cu to be rolled to very large plastic strains ( > 5) without cracking even at cryogenic temperatures. Using heavily deformed Cu, we investigate the structural evolution towards nanocrystals at extremely large strains. The cryo-rolled Cu is subjected to further deformation, including controlled deformation tests, to study the effects of deformation temperature and strain rate on the grain refinement mechanisms as well as the steadystate grain sizes achievable.
Experimental Procedures
As the starting material, a commercial purity Cu (99.9+% purity) bar 12.7 mm in diameter was annealed at 900 C for 2 h. The resulting grain size is in the range of 10-30 mm. Rolling was carried out at RT and cryogenic temperatures (CT), with a thickness reduction per pass of 30-50%. In the first stages of rolling, the workpiece was rotated 90 about the rolling direction between consecutive passes. For CT rolling, the samples were submerged in liquid nitrogen until equilibrium and then rolled quickly. The temperature, as measured using a K-type thermocouple, was À150 C and À100 C before and after each pass, respectively. The degree of deformation, ", is defined as " ¼ ðS o À SÞ=S Â 100%, where S o and S are the cross sectional areas before and after rolling. The strain rate during rolling was 10 À1 s À1 -10 0 s À1 . At very large ", the sample became thin sheets (of the order of 100 mm), which were folded to increase the sample thickness and sandwiched between steel plates or embedded inside a steel tube. The constrained rolling reduces the tendency for cracking.
The evolution of the microhardness was recorded as a function of ". Vickers hardness tests were carried out on the polished sample surfaces (1200 grit finish) with a LECO M-400 hardness tester using a load of 50 g and a duration of 15 s. The hardness value obtained was averaged from at least eight The thermal stability of the rolled Cu microstructure was studied using a differential scanning calorimeter (DSC, Perkin-Elmer Pyris 1) in the temperature range of 50 to 450 C at a constant heating rate of 40 C/min. No additional DSC signals were detected beyond this range. Aluminum pans were used for both the sample and the reference. The baseline was determined by reheating the sample at the same heating rate.
Controlled deformation was conducted by conventional compression testing on samples CT-rolled to " $ 2300%. The stored energy of cold work reached saturation at this strain level. The high strain rate tests were performed using a compressive Kolsky bar setup over the strain rate range of 10 3 s À1 -10 4 s À1 . [21] [22] [23] The quasistatic tests were carried out using a standard MTS servohydraulic-driven machine at a constant anvil displacement speed, with initial strain rates of 10 À4 s À1 -10 À1 s À1 . The sample sizes for the dynamic and quasistatic compression tests were 2:2 Â 2:2 Â 1:6 mm 3 and 2:2 Â 2:2 Â 3:5 mm 3 , respectively. The loading axis is parallel to the longitudinal rolling direction. The samples tested at CT were cooled with liquid nitrogen to a measured temperature of À125 C (148 K). The microstructures of the samples were examined using a Philips EM420 transmission electron microscope (TEM) operated at 120 kV. The high-resolution TEM (HRTEM) was conducted in a Philips CM300 Field-Emission-Gun (FEG) TEM operated at 300 kV. The point-to-point resolution is 0.2 nm. The misorientations between grains were measured using the method in Ref. 24) . TEM samples were prepared by a Struers Tenupol-3 double jet electro-polisher at À35 C with an electrolyte of 33% nitric acid and 67% methanol. For the as-rolled samples, TEM foils were cut with the thin section parallel to the rolling plane. For compression-tested samples, TEM foils were sliced normal to the loading axis.
Results

Evolution of microhardness and stored energy of
cold work The Vickers microhardness (VHN) of the samples, rolled at RT and CT, to different strain levels is shown in Fig. 1 . The effect of temperature is significant. For CT rolling, VHN increases up to 1.7 GPa with increasing deformation up to " ¼ 2300% and then levels off. A similar trend is observed at RT, except that the maximum VHN is only about 1.2 GPa and is reached much earlier.
The constant-heating-rate DSC traces of the samples CTand RT-rolled to different levels of " are displayed in Fig. 2 . Each DSC curve shows a single exothermic peak between 150 C and 300 C, corresponding to the heat release due to recrystallization and subsequent grain growth. The peak position shifts to lower temperatures with increasing ". The peak temperatures of CT-rolled Cu are more than 60 K lower than those of RT-rolled Cu for the same ". This is because dynamic recovery is reduced at CT, allowing the density of the accumulated dislocations to reach higher levels than at RT. The driving force for recrystallization is elevated as a result.
The area under the peak is an indicator of the stored energy of cold work. As seen in Fig. 3 , the same trend is observed for samples rolled at both temperatures: the integrated enthalpy increases with rolling strain and levels off beyond a certain ". After rolling the sample to " ¼ 2000-4600%, the stored energy for CT rolled Cu reached 1.6 J/g (102 J/mol), which is about 2.5 times that for the same Cu rolled at RT to similar strains (0.6 J/g). At both temperatures, the stored energy plot follows the same trend as that in Fig. 1 . That commercial purity Cu can be deformed to $7; 000% without fracture under rolling was not reported before. Dynamic Processes for Nanostructure Development in Cu after Severe Cryogenic Rolling Deformation3.2 The effect of additional deformation during mechanical testing 3.
The deformation test curves
The heavily CT-deformed Cu was subjected to additional deformation in compression tests at different strain rates and temperatures. These controlled test conditions help establish the mechanisms responsible for the dynamic grain refinement processes. Figure 4 shows the strain rate dependence of the flow stress at RT and 148 K (higher flow stresses at higher strain rates). These stress-strain curves do not provide accurate measurements of the Young's modulus because the experiments were designed for large plastic deformations. The strain at which the steady-state flow stress was attained increases monotonically with decreasing strain rate or increasing temperature. The initial peak in the flow stress is a characteristic signal that the material has accumulated a sufficient amount of strain (stored energy) for recrystallization during the deformation test. 25) All the tests were terminated with unloading, without any sign of cracking.
Microstructure evolution
Typical TEM bright-field images of the as-rolled (same " ¼ 2300%) Cu after CT and RT rolling are shown in Figs. 5(a) and (b), respectively. The CT-rolled Cu shows a heavy deformation microstructure with features that are difficult to resolve. Only occasionally are there observable grains 50-200 nm in size. The dislocation density is very high and nonuniformly distributed. The grain boundaries are mostly diffuse, indicating their nonequilibrium nature. Dislocation cells, dislocation-tangling zones, and dense dislocation walls were frequently observed inside the grains. 26, 27) Subgrains with low-angle grain boundaries, mostly having sizes <150 nm, can also be seen. A different scenario is observed for RT-rolled Cu (Fig. 5(b) ): the dislocation density is much lower, and the subgrains are better defined, with an average size of $300 nm. Heavy dislocation tangles or cell blocks are rarely seen, indicating significant dynamic recovery during rolling. 1928 Y. Wang, T. Jiao and E. Ma dislocation densities, leading to a coexistence of sharply delineated boundaries and loosely tangled ones. Such features are normal after significant dynamic recrystallization. 28) The selected area diffraction (SAD) pattern from a sample area of 4.5 mm 2 shows fairly uniform rings, confirming a nearly continuous and wide distribution of mis orientations. The average grain size was measured using the linear intercept method to be 205 nm from over 150 grains, much smaller than that of the as-rolled grains/ subgrains observed in Fig. 5(b) . This comparison demonstrates that, to achieve small grain sizes it is useful to use CT deformation to store dislocations and high-rate loading for dynamic recrystallization.
Two major features can be identified for the sample deformed at CT at high strain rates, Fig. 6(b) . First, dynamic recrystallization did not occur and the high-density dislocations remained. Second, we observed clusters of nanosized (<20 nm thick) deformation twins with a total width of about 200 nm, which are apparently a result of deformation at the low temperature and high strain rates. 29, 30) The clustered twin bands (CTBs), which consist of multiple mechanical twins, are aligned along the plastic flow direction. The CTBs occupy $60% of the area observed, indicating the dominant role of twinning in high-rate CT deformation. Also, the CTBs are more profuse in the thicker areas of the TEM foil than in the thinner regions, possibly because in the latter areas dislocation/twin rearrangements occurred, losing some of the CTB structures.
To further reveal the detailed features of the CTBs, Fig. 7 shows a high-magnification view of the multiple twins and twin boundaries. The twin boundaries along the lengths of the bands are very sharp and individual dislocations are not resolved. Dislocations are commonly seen starting from twin boundaries and subdivide the twin into a number of subgrains. The long, aligned, sharply defined twin clusters do not intersect often. Only occasionally can interpenetrations of CTBs be identified, where nanograins 50-100 nm in size are produced as a result.
The cryo-rolled Cu was also subjected to low-strain-rate (10 À1 s À1 ) deformation at RT and CT. Compared with Fig.  6(a) , RT deformation resulted in a similar recrystallized microstructure, but the average grain size is much larger at $290 nm, Fig. 8(a) . The CT quasistatic deformation led to minor microstructural change (compare Fig. 5(a) with Fig.  8(b) ). The microstructures evolved slowly at CT at such high strain levels.
Evolution towards nanostructures upon prolonged
rolling at CT Adding CT rolling to the cryo-rolled Cu was not able to produce nanocrystalline grain structures up to " ¼ 4600%. TEM still revealed a heavily deformed microstructure with high densities of dislocations in nanoscale networks, Fig. 9 . Only occasionally are there some resolvable subgrains 30-300 nm in size. Some small subgrains become visible at high magnifications, as seen in the HRTEM images in Fig. 10(a) . Its Fourier-filtered image is in Fig. 10(b) . Based on the modulation wavelength of the fringes in a number of Dynamic Processes for Nanostructure Development in Cu after Severe Cryogenic Rolling DeformationHRTEM micrographs the average size of these crystallites is $12 nm. The SAD pattern (Fig. 10(c) ) of this sample consists of some scattered spots and small arcs, indicating the existence of subgrains with small misorientations (also see the fringes). Figure 11 (a) shows a TEM bright field image and corresponding SAD pattern of the nanostructures developed in Cu after it was rolled to a total " of $30000% at the cryogenic temperature. In comparison with the diffused features of Fig. 9 , the grains are now much easier to resolve. The grain boundaries are clearly visible and well defined. The grains show high contrast across the grain boundaries, indicating large misorientations. The SAD pattern is also quite different from Fig. 10(c) . A set of distinctive continuous rings, with no obvious signs of preferential orientations, is observed instead of scattered dots or arcs, indicating the existence of fine and highly misoriented grains. The grain sizes span a range, but are definitely in the nanocrystalline range (10-50 nm). Grains close to or larger than 100 nm are extremely rare in the TEM samples examined. For some regions where grains are not clearly resolved in the brightfield image, such as the upper right corner in Fig. 11(a) , the dark-field image reveals very small grains of the order of 10-20 nm, Fig. 11(b) . Figure 12 displays the grain size distribution plot obtained from a number of micrographs. The grains are nonuniformly distributed but definitely all less than 100 nm, with an estimated average size of 22 nm. A high-resolution TEM micrograph and corresponding Fourier-filtered image of the 30,000% CT-rolled copper are displayed in Fig. 13 , showing the nature of the high-angle grain boundaries. The crystallites seen in this area have sizes similar to those in Fig. 10 (" ¼ 4600%) with an average size of $11 nm. This suggests that in the late stages of rolling, the size of the domains/crystallites does not decrease further.
Some subgrain boundaries and small-angle grain boundaries (misorientation (15 ) are still detectable. This is not surprising as plastic deformation is inherently an inhomogeneous process. 4. Discussion 4.1 Effects of cryogenic temperature on stored energy and microhardness The significant increase of the hardness and the stored energy, Fig. 1 and Fig. 3 , reflects the increase of stored dislocation densities in the CT-rolled Cu. As dynamic recovery is mainly controlled by dislocation climb and cross-slip mechanisms, 31) the cryogenic temperature decreases the dislocation mobility and hence reduces the rate of dynamic recovery, allowing the density of the accumulated dislocations to reach higher levels than at RT. A stored energy of 102 J/mol was attained for CT-rolled Cu, about 2.5 times that for the same Cu rolled at RT. According to Mohamed et al., 32) the stored energy in pure Cu can be linearly related to the dislocation density by
The equation yields a dislocation density ¼ 7 Â 10 15 m À2 , about one order of magnitude higher than that observed in some ECAP Cu.
1) At such a high dislocation density level, dynamic recrystallization may be triggered at low homologous temperatures. 33) 4.2 Dynamic recrystallization and steady-state grain size There are two classical dynamic recrystallization mechanisms, namely, discontinuous dynamic recrystallization and continuous dynamic recrystallization (cDRX).
25) The first mechanism is also known as migration dynamic recrystallization (mDRX) and characterized by the movement of preexiting high-angle grain boundaries through the deformed microstructures, leaving a strain free region in their wake. The second mechanism includes geometric dynamic recrystallization and progressive rotation recrystallization. The former forms new crystals due to the interpenetration of microbands or twins. The latter involves the gradual rotation of subgrains as the material is strained. Eventually the misorientation between neighboring subgrains is sufficiently large that the sub-boundaries are turned into high-angle grain boundaries.
Our results indicate that the mechanisms responsible for the evolution of the heavily deformed microstructure towards fine grains depends strongly on the deformation rate and deformation temperature. Dynamic recrystallization initiates when a critical strain, " c , is reached. According to the classical mDRX theory, 25) " c increases with increasing strain rate or Zener-Hollomon parameter, which is defined as:
where Q is the activation energy. " c increases with decreasing temperature. mDRX, normally a high-temperature phenomenon, can therefore possibly occur at or below RT only if a very high accumulative strain (or a critical stored energy 34) ) is reached. In our case, a large driving force is made possible by the heavy cold work during CT rolling.
One of the key signatures of mDRX is the broad peak in the beginning of a stress-strain curve, as that seen in Fig. 4 .
Note that this peak is not present for a material undergoing dynamic recovery, for which the stress-strain curve usually shows a plateau following an initial strain-hardening stage. This signature suggests that mDRX was involved in cryorolled Cu when it was further deformed at RT (0.22 T m ), but not when tested at cryogenic temperatures. TEM examinations support this view. The co-existence of sharp grain boundaries and loosely tangled grain boundaries are typical of microstructures for RT tested samples (see Figs. 6(a),  8(a) ), whereas deformation twinning becomes the dominant feature upon high rate deformation at CT (Fig. 6(b) ).
In mDRX, a dynamic balance between nucleation events and grain growth determines the steady-state grain size developed. Derby 35, 36) developed a ''universal'' plot relating the normalized stress level, =, to the normalized grain size after mDRX, D=b, where is the steady-state flow stress, is the shear modulus (weakly dependent on temperature), D is the steady-state grain size, and b is Burgers vector. It was shown that
Increasing strain rate can reduce the steady-state grain size. Andrade et al. 37) observed dynamically recrystallized grains as small as 100 nm in Cu at a strain rate of 10 4 s À1 and a total shear strain of $ 8. Even though their grain size is one order of magnitude smaller than the grain size reported in literature, [38] [39] [40] [41] [42] [43] the result seems to be consistent with the trend extrapolated from the empirical equation of Blaz et al., 44) Fig. 14,
where K is a constant. The value of the constant obtained by Blaz et al. is 0.59. Our grain sizes obtained after RT compression tests (Fig. 4) have also been included in Fig. 14 . The data points agree well with the trend predicted by the formulation. 35, 36, 44) This fit in Fig. 14 is another evidence that the mDRX was involved, in addition to the initial peak in the stress-strain curve that signals mDRX upon ''hot'' deformation of a material that has stored energy in ''cold'' deformation. However, mDRX may not be the only process operative because at high dislocation densities the number of isolated regions with a large growth advantage over the surroundings may be limited. cDRX (see below) may also be involved, 45, 46) which occurs in the flat portion of the stress-strain curve and results in some deviation from eq. (4) (Fig. 14) . 46) 
Formation of nanocrystalline grain structures
The eventual development of nanocrystalline grains (<100 nm) upon continued CT rolling involves extreme grain refinement and development of high-angle grain boundaries, as reported here and in our recent work.
47) The nanocrystallite formation was not involved previously in studies of cold rolling to smaller strains ( < 5).
15)
It is generally agreed that, 26, 48) at very large plastic deformations, the subgrain size levels off, and the grain subdivision cannot continue indefinitely. For Cu, the minimum size of subgrain/cell has been studied extensively and 1932 Y. Wang, T. Jiao and E. Ma found to be a function of the deformation temperature. 47, [49] [50] [51] From the dislocation density obtained in eq. (1), the average dislocation distance is $12 nm for the CT-rolled copper. This is consistent with an estimate of the equilibrium dislocation distance, 52 )
where H is the hardness of the material (1.7 GPa for cryorolled Cu at " > 2; 000%, see Fig. 1 ). This result suggests that a domain/grain size of the order of 10 nm is achievable at very large " in cryo-rolled Cu. The HRTEM observations in Fig. 10 confirm that the majority of subgrains are close to 10 nm, with small-angle misorientations between them. For such small subgrains, the eventual formation of nanocrystals may be due to cDRX through gradual rotation of the subgrains. As the high-angle grain boundaries are formed by progressive increase of misorientation angles of the small-angle subgrain boundaries, one would expect that eventual crystallites be similar in size to that of the subgrains. This is indeed true from TEM and HRTEM observations, as illustrated in Fig. 11 and Fig. 13 . Most high angle nanograins formed in the 30000% cryo-rolled Cu have similar sizes to those observed in 4600% cryo-rolled Cu (Fig. 10 ). There are a few grains with sizes 50-100 nm in the 30000% rolled nanostructures, formed possibly by the interpenetration of MBs and/or CTBs as observed by TEM in the CT-tested samples.
The increase of misorientation angles between subgrains can also be seen from the statistical misorientation distribution plot in Fig. 15 . It is found that most misorientation angles of the neighboring subgrains/crystallites are increased from [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] (at " ¼ 4600%, Fig. 15(a) ) to 10-25 (" ¼ 30000%, Fig. 15(b) ). As a result, the average grain misorientation increased from 5 to 18 while maintaining the nanocrystalline size of the subgrains/crystallites. Similar cDRX has been reported for Cu with larger grains before, 48) and such grain rotation can be accommodated by dislocation generation and movement as predicted by computer simulations. 53) The preference for the progressive lattice rotation mechanism at very large strains and slow strain rates over the conventional mDRX (Sec. 4.2) is also supported by the relatively low flow stress during the late stage of cryo-rolling (CT rolling was conducted with ease near " ¼ 30000%). As shown in Fig. 4 , a flow stress less than 600 MPa was observed as the cryo-rolled Cu was continuously deformed at a strain rate and temperature similar to those of cryo-rolling. If one assumes that mDRX is still dominant, the model in Fig. 14 indicates that the flow stress required would be as high as 2.7 GPa in order to obtain a dynamic recrystallization grain size of 22 nm (Fig. 11 and Fig. 12 ). This was not the case in the CT-rolling experiments.
Concluding Remarks
We have investigated the grain refinement behavior in heavily cryo-rolled copper. The CT-rolling accumulates high densities of dislocations in Cu to allow an investigation of the various dynamic recrystallization phenomena upon further deformation. Strain rate and deformation temperature are found to change the grain refinement mechanism. The results of the entire set of experiments can be summarized as follows:
(1) A cryogenic temperature, and thus a low rate of dynamic recovery, is beneficial for attaining a high dislocation density (and hence also a higher hardness) in heavily rolled Cu. (2) Migration dynamic recrystallization can occur during RT (0.22 T m ) deformation of cryo-rolled Cu. This is a method to produce bulk ultrafine-grained microstruc- Fig. 14 Dependence of the steady-state Cu grain size on the normalized uniaxial normal stress for dynamic recrystallization from Blaz et al., [44] Andrade et al. [9] and the current experimental data for RT deformation of cryo-rolled Cu. ture with average grain size as small as 200 nm. High deformation rate results in smaller recrystallized grain sizes compared with quasistatic deformation rates. The classical mDRX formulation produces a reasonable fit even in this range of grain sizes for Cu. (3) mDRX did not appear to occur during CT (148 K, 0.11 T m ) deformation. Deformation twinning is a mechanism to refine the microstructure if the strain rate is high at CT. (4) At sufficiently high accumulative strains (" > 30; 000%), a nanocrystalline grain structure with an average grain size of 22 nm was achieved upon continuous cryo-rolling of this commercial purity Cu. The nanocrystallites formed in this case are largely due to a cDRX, i.e., the progressive increase of grain boundary misorientation angles at extremely large deformations. (5) Severe plastic deformation can produce a range of nanocrystalline or ultrafine grain structures in Cu via different dynamic grain refinement mechanisms, depending on the strain (dislocation density) accumulated, and on the deformation temperature and strain rates. 54) (6) The findings from this work may shed light on the grain size limits and mechanisms involved in the grain refinement processes in other SPD-processed nc or ultrafine-grained metals and alloys.
